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L. Experimental Lay-out

The search for particles with a fractional electrical
charge (quarks) has been the subject ol a large number of
experimental studies, both in accelerators and in cosmic rays
(see,for example, the review of ref.l). When the IHEP proton
synchrotron went into operaticn, enabling protons to be accel-
erated to an energy of 70 GeV, the range of accessible quark
masses was conslderably increased, - when protons collide with
stationary nucleons quarks with a mass of up to 4.8 GeV/sec2
may form (paired with antiquarks), whereas for previous accel-
erators with an energy of 30 GeV the limit was 2.8 GeV/sec2.

The purpose of the present paper is to describe the experimental
search for quarks produced by protons having an energy of 70 GeV
on an interngl aluminium target in the IHEP accelerator.

The measurements were made on a 50 GeV/sec beam of
negative particles extracted from the accelerator at an angle
of 0°. The simplest process for forming Q quarks in nucleon-
nucleon collisions is the reaction

N+N—s N+N+Q+Q. (1)

Figure 1 shows the results of calculations for the outputs
in the laboratory co-ordinate system for the reaction (1) con
the assumption that the angular distribution of gquarks is isotropic
in the centre-of-mass system, whereas the momentun spectrum
corresponds to the Lorentz invariance phase volume. As can be
seen from figure 1, if the beam channel is adjusted to a momentum of
P = 50 GeV/sec for particles with a single charge e, (which
corresponds to the momentum of quarks with an energy of q = 2/3e, equal
to PQ = 33,3% GeV/3ec) the best conditions are achieved for the
recording of quarks with a charge of 2/3e throughout the kinema-
tically accessibie range of masses. With regard to quarks having
a charge of 1/3e (i.e. P. = 16.7 GeV/sec) the range of accesible
masses is limited to a value of 4.4 GeV/sec2 at the upper end,
whilst for masses » 4 GeV/sec2 the guark outputs are much lower
than the optimum. The basic experiments described in the present
article were carried out with a momentum of P = 50 GeV/sec. An
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additional series of measurements was carriel out with P = 40 GeV/sec.

2. Recording Apparatus

The arrangement of the recording apparatus on the particle
beam is shown in figure 2. The same beam was used simultaneously
by the IHEP-CERN group for measurement of
o« 3 K -meson and antiproton production cross-sections. The
cross—sectional values obtained as a result of these measurements
were used to standardise the results of the present experiment.

The energy losses by ionisation in quarks with a fractional
charge are substantially less that in particles with a umit
charge e (twice as large when q = 2/3e and 9 times as large
when q = 1/%e). This enables the quarks to be separated in the
beam from the I -mesons and other ‘hormal" particles, by multiple
measurements of ionisation losses. The relative ionisation losses
were measured by means of spectrometric scintillation counters
(Sl - Slo) (the dimensions of the scintillators were 11 x 10 x 2 cm).

The beam. of particles passing through the spectrometric counters

was separatedeith Ol -O5 counters {(dimensions: 9 x 10 x 1 cm),

and protective counters A1 - A3 (dimensions: 2% x 25 x 2 cm with

a 9 x 9 ¢m aperture in the centre). In addition to the determination
of ionisation losses, measurements were also made of the time of
flight of the particles, on a basis of 60, betweenutheTi_mxsz
counters (dimensions 15 x 10 x 2 cm). To reduce the background
of ¢ - K -mesons and antiprotons gas-type threshold Serenkov
counters were used (él and éé).

The spectrometric counters Sl - Slo and the counters Tl and
T2 were assembled with XP 1020 photomultipliers. In the remaining scintil-
ation counters, where a high standard of amplitude and temporal
resolution ws not required, FEU-30 photomuitipliers were used.

Typical amplitude spectra obtained by recording;x:mesons
with a spectrometric counter are shown in figure 3. Also given
here are spectra measured in a coadition of optical imitation
of the particles with a fractional charge q = 2/3%e and q = 1/3e
(the quaatity of light falling on the photocathode of the photo-
multiplier wes reduced by means of a black paper mask). As can
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be seen from this drawing the recording efficiency of 70 —mesons
and other_ particles with a unit charge may be sharply

inhibited by maintaining a sufficiently high recording cfficiency
of quarks with a charge of q = 2/3e ( all the more so for

qg = 1/3%¢). So, if recordings are made only of momenta with

an amplitude A< 0.85 A (where A is the amplitude corresp-
onding to the maximum of the spectrum for m mesons), the recording

efficienty of particles with a charge of e, 2/3e and 1/3e is
2

10”7, 0.96 and 1 respectively. When A< C.7 A, the difference
in recording efflclency is greater still: 3% lO 0.93
and 1.

The results of measuring the amplitude spectra of the
Sl- Slo counters showed that for a preliminary selection of
events with little ionisation it is sufficient to use 5
spectrometric counters at a discrimination level of A< 0.85 Ao.
In this case, the recording efficiency of beam particles was
inhibited more than 106 times. The final selecuvion of events
was performed with a high-speed five-ray oscillograph, the
inputs of which were supplied with the pulses from all of
the counters.

The electronic circuit of the apparatus (figure 4) was made up
of components from the IHEP'system of logical nanosecond electr-
onics 2/. The collision momentum produced by this circuitl?2
(a<B. 85A ), S (A<O 85A ) S (A<o 85A ) S¢, (A<0.85 A ), S (A<O 85A R
Ol’ 02,0 J was used to trlbger the flve-ray oecxllograph. By
using the oscillogram neasurements 3t was possible to make
e multiple amplitude and temporal analysis of the pulses from
the counters S,- S and T

1 10 1

about the operation of the counters 61, éé and Al - A

T2,as well as obtain information
3‘
The high--speed five-ray oscillograph was a modified
=

version of the equipment ? previously used to record rare pion
decay and cgpture processes. To increase the dynamic range of
amplitudes, limited by the oscillograph's region of linearity,
the pulses from each spectrometric counter were simultanecusly

fed to two oscillograph rays with an amplification differing
by four times. The measurement of impulses with amplitudes of

A> 0.5 A.o was done on a ray with less amplification, whereas at
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A< 0.5,,A0 it was done on akray with greater amplifcation. An analysis
of the oscillogram showed that the accuracy of the temporal
measurements was 0.5 - 1 nsec, and that of the amplitude measure-
ments 5 - 10 %.

Tke  .pulses from the temporal counters Tl and T2, as well
as from counter S_. were fed to the inputs of the time of flight
measurement circuit which was controlled by the pulse used to
trigger the oscillograph. To compensate temporal scatter due
to the difference in the time taken to collect the light from
the various points of the scintallator, the scintillators of the
T1 and T2 counters were scanned from two opposite ends by two
photomultipliers. The time of flight measurement system included
a circuit for automatic comparison of the time intervals, selecting
only those event s when the time of flight of the particles between
the counters Tl and 85 and S. and T2 corresponded to an identical
particle speed. Time of flight data were disphyed on an illuminated
panel, which was photographed at the same time as the ossc¢illograph
screen. Yor the.ﬂ‘;mesons, the time of flight measirement system
possessed a resolution of 27= O.5mec, whilst for q = 1/3e it was
2T ® 1 nsec (measured with light masks).

The gas~type threshold &erenkov counters with a quartz optical
system 5i (with a spherical mirror) and 52/4/ had a speced resolution
of Aﬁ = 7 x 10—6. They were so adjusted that the recofding
inéfficiency of xi,l<-'-mesons and antiprotoas was <« 10 . The
threshold of the éerenkov counters corresponded to a quafk mass
of M= 1.2 GeV/sec® when q = 2/3e,and My = 0.6 GeV/sec® when
q = 1/%e.

3, Measurements on the Beam

During the time of basic exposure,0.9x lO9 particles were sent
through the apparatus ( 99% were i —mesons) and 706 oscillograms
were produced. % - meson beam intensity was between 1.5 and 8 x 104
particles per cycle when the intensity of the internal beam of
the accelerator was lOll protons per cycle and the duration of the
discharge on to the target was 300 - 400 msec.
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During exposure, periodic checks were made of the efficiency
of recording the particles with tcmall ionisation. In this
case, the signals at the outputs of all of the counters that
fed the electronic logic system were 15 times weaker. The
passage of quarks through the equipment was also imitated
by means of pulsed light sources placed near the photomultipliers.
Apart from this, the stability of the pulse discrimination
_levels was chekked, the amplitude spectra of the Sl—Slo
counter pulscs were measured, and the oscillograph was cali-
. brated by means of a gquartz-stabilised generator. The entire
equipment was calibrated by producing multiple oscillographs
of the cases whenjr:mesons passed through the equipment.

4. Analysis of the Oscillograms

The oscillograms obtained were analysed on IHEP bi-polar scanning
and measurement tables working on line with a Minsk-2 electronic
computer. As a result of the analysis, 38 candidate events were
selected, for which the position of the pulses in time on the oscil-
logram coincided, to within 20 nsec, with those predicted by the
calibration measurements. The great majority of the remaining events
were caused by triggering of the equipment by chance collisions of
after-pulses of the photomultipliers, small pulse reflection at
cable comnection points, etc.

When the candidate-events were analysed, the following selec-
tion criteria were used:-

1) Pulses from all of the Sl-slo spectrometric counters
are present on the oscillogran,

2) the amplitude of these pulses lies in the interval
0.05 Aoé‘AéO.BS Ao,

3) the .. pulses from both the Tl and T2 time counters
are recorded on the oscillogram,

4) each pulse is displaced not more than 5 nsec in
relation to the position on the ray determined by the cali-
brauion measmrements,

5) there are no - pulses from the éérenkov counters
él and 62 on the oscillogram,

6) the protective counters Al- A3 did not come into
operation, )



7) the time interval comparison circuit operated .

Every one of the 38 candidate~events failed to satisfy
at least 5 of the above criteria and camnot be identified
with the case of a quark passing through the equipment.
The selectivity of the eqguipment was much higher than was
necessary to inhibit the background 1in the conditions of
our experiment. If we disregard the data from the él and
52 éérenkov counters and the Tl’TZ’Al"ASandE% -S10
scintillation counters (and at the same time do not impose a
lower limit on the range of masses in which the search for
quarks is made, and increase slightly the quark recording
efficiency,), then in this case all the candidate-events
are excluded simultaneously by two or three of the selection

criteria.

5. Results of the Experiment

a) Boundary evaluation of the differential cross-—-secticn

of quark precduction

During the time of equipuent exposure in the beam,about
logﬁtlmesons passed through it and not one quark with a charge
of q = 2/3¢ and g = 1/3e was recorded. Consequently, for the
relation of the outputs of quarks and & -mesons NQ/Nj?_when
P = 50 GeV/sec we have: '

N 9
NQ/NVI— < 4 x 10

(on a level of 90% reliability). The upper boundary evaluation
of the differential cross-section of quark production in proton-
nucleon collisions at an energy of 70 GeV and an angle of 0° in
the laboratory coordinate system (dch/dep)go% is linked with the

T -meson production cross-section d%6" /d%dp by the relation

a2 69 _a23" 2,3 e= (2)
dRdp | 90% dfdp Ng- qfR
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where & and R take into account the difference in recording
efficiency and in the absorgtioa of quarks and m;:mesons, and
the € -decay of 7 —mesons Tlie introduction of the cocfficient
2.3 in formula (2) zorresponds to the 90% level of reliability

of the evaluation in the abzence of observed cases. The factor

q/e takes into account the narrowing of the pulse interval for
quarks as compared with & -mesons (a difference of 1.5 or 3

times).

According to information obtained by the IHEP/CERN group on this
same particle beam, dzoﬂ_/dﬂdp ~ 1.4 x 10727
of m -mesons of P = 50 GeV/sec, and = 8 x 10
P = 40 GeV/sec. The relative quark recording efficiency e (taking into

cmz/ster GeV/sec for a pulse
-27 cmz/ster GeV/sec when

account the efficiency of the electronic equipment and the event selection
criteria) is 0.72 for q = 2/3 and 0.84 for q = 1/3e. Thé correction value

for absorption R was determined taking into account the quantity of counter
material placed in the beam and making three assumptions concerning
the relationship of the total cross-~section values for the inter-~
action of quarks and ﬂf:ﬁesons with the material 9—::€;%/gzmg
%,==j = | 2_/€/ and 8.4K i ¢ lepton quarks" 5/ The

e

I - B
sults tained are given in table 1.

The data set out in table 1 relate to the region of quark
masses’ MQ5;4,8 GeV/sec2. When a proton collides with moving
nucleons of a nucleus in reaction (1) quarks may be produced with
an even greater mass, but the probability of quark formation
decreases rapidly as their mass increases,(table 2). The data
set out in table 2 may be used solely for qualitative boundary
evaluations of the production cross-section of quarks with a
mass of M. > 5 GeV/sccQ, as they were obtained from measure-

/7

% .
ments made by Dorfan and others 9 wWho used a copper target,
whereas in our case the protons were interacting with

aluminium nuclei.

%) In the present work, the evaluationSof the quark produgtion
cross-sections are made for quarks with a long life (>‘10-°sec.).
The changes in formula (2) when evaluating the production cross-
sections of short-lived particles are evident.
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b) Boundary evaluation of quark production total cross-

gsection.

Evaluations of the production total cross-sections
of quarks having a 2/3eQ nd 1/3%e charge in collisions of
protons with nucleons TQ@Zwere determined from phase volume
calculations using the data given in table 1. These calculations
do not take into account the dyramics of the interaction, which
may considerably reduce the angular distribution of the quarks
(as occurs in other processes of particle formation at high
energlies) thus reducing still further the evaluation ofGJQ. The
values of GJQ {90% are given in table 3 and figure 5. PFigure 5
also shows,for comparison, the data given in other works dealing
with the search for quarks in accelerators (these were taken from
review ref./1/). A comparison of our results with those quoted
in the works dealing with the search for quarks in cosmic rays
shows that for quark masses of MQ<<'6—7 GeV/sec2 when q = 2/3e
- and MQ<'5 GeV/sec2 when q = 1/3e the boundary established in our
work for the production cross-section of quarks is considerably
lower than that obtained in cosmic ray experiments.

In conclusion, the authors wish tocxpréss their profound
thanks to the staff of IHEP who were responsible for the oper-
ation of the acceierator and beam channel, and to all colleagues
at the Institute who participated in the design and construction
of the experimenval apparatus. The authors are grateful to
A.A. Logunov, R.M. Sulyaev and A.A. Naumov for the support they
have given in the present work.
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Table 1

Upper boundary evaluations of the differential cross-section of
the production of quarks by protons with an energy of 70 GeV on

nucleons at an angle of 0° in the laboratory coordinate system

(90% level of reliability).

d2 §Q
dadp {60%, cm®/ster GeV/sec
P, GeV/sec N - q ‘Pqﬁdﬁyx £
g=1,r=009110=1/2, R*1,1 |g«l,R = 1,3
o |2/8e| 833 0,72 | 8.4 . 10736 7,7 . 10-38 8,5 . 10736
50 0,8.10 . ‘ _
1/3e 16,7 084 1,86, 10735 1,4, 10~35 1,3 . 10735
Y _ —34
g |2/8¢ 26,6 0,72 | 2,2 . 10°%% 1,8 . 10734 1,5 . 10
40 1,3.10 _34
' 1/3e 13,3 084 | 3,8 . 107 3,3 . 107 3,1 . 10

e and R are factors accounting for the difference in recording
and absorption efficiency of quarks and mesons.
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Table 2

Relative probability of achieving various energies
in the c.m.s. due to Fermi motion of nucleons in
the nucleus at a bombarding nucleon energy of 70 GeV.

g:rgymig Relative Limit value of
v probability the mass, GeV/c
11,5 ! 48"
12,5 107! 5,3
13,8 1072 5,9
145 10"3 6,3
15,8 107 6,9
17,1 107 1.6

*) Collision with a stationary nucleon



Upper boundary evaluations of the total cross-section of the

Table 3

production of quarks in proton-nucleon collisions at an
energy of 70 GeV (90% level of reliability).

6% ‘ 80%* o’

b ¢ _My= 2(GeV/sec)? 3 1 4,5 4,7
1 1,8.10”% 8,7.10738 2,6.10738 | 7610737 | 2,4.10737
2/3e | 1/2 1,5.10732 7,1.10736 2,1.10728 | 62,1077 | 2,0107%7
1 1,2.107%° 6,0.10 2% | 1,8.100%% | 5,2.1077 | 1,7.107%7
1 3,7.10~° 1,8.107° 1,0.10”%
1/3e | 1/2 3,3.107°° 1,602 | g,2.1076
1 3,0.1073° 1,4.100% | 8,5.1076

-2 -
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Fig. 1 Calculation of quark outputs for phase volumes. I\gg and PQ
are the mass and momentum of the quark. The shaded areas
represent the pulse interval of the chamnel for a quark
charge of q = 1/3e and 2/3e.
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Experimental layout. P: 70 GeV proton beam; m: internal
accelerator target; BM;-BM;: deflecting magnets;
Ly-Li¢: quadrupole lenses; K;,K,: aperture collimators;
K3: pulse collimator; BS: beam shutter; 0,-0s, S;-Sio,
T1,T2, and A;-A3: scintillation counters; ﬁl,éz threshold
erenkov counters; Piz3, Mi23 and Fy,34: monitors for
checking internal beam discharge on to the target; Vi-Vy:
secondary particle beam monitor.
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Fig. 3 Pulse amplitude spectra of the spectrometric counter Ss,
measured for m-mesons and during operation to imitate
quarks with a 2/3 and 1/3e charge. N: channel number
of amplitude analyser; Ap: pulse amplitude corresponding
to the maximm value of the spectrum for m -mesons.
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Fig. 4

Electronics block diagram. ¢j: shaper; YOi: amplifier
(outputs a with limitation of amplitude, b without limi-
tation of amplitude); DUj: amplitude discriminator;

Pj: brancher; CCi: coincidence circuit; CAj: anti-
coincidence circuit; MC: scaler.
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